1. Introduction {#sec0005}
===============

Autophagy is a process of "self-eating", an essential cellular pathway that maintains hemostasis by degrading misfolded protein, damaged organelles, or invading pathogens \[[@bib0005],[@bib0010]\]. It is widely found in eukaryotic organisms, ranging from yeast to mammals, and plays an important role in various physiological and pathophysiological process, including cell growth, tumor formation and intracellular microbial infection \[[@bib0005],[@bib0015]\]. Thus, autophagy pathway is a potential therapeutic target for many diseases, including tumor, diabetes, neurodegenerative disease, and pathogenic infection. It is thought that autophagy functions as host defense against viral infection via the uptake of pathogens for degradation. However, increasing evidences show that many positive RNA viruses, including flavivirus and enterovirus, hijack the autophagy machinery to promote their propagation, from genome RNA replication, viral assembly to progeny virions egress \[[@bib0020], [@bib0025], [@bib0030], [@bib0035], [@bib0040]\]. In this review, we will discuss recent reports on how enteroviruses utilize autophagy machinery to propagate and avoid lysosomal capture and clearance ([Fig. 1](#fig0005){ref-type="fig"} ).Fig. 1**Overview of Enterovirus' subversion of autophagy pathway.** In enterovirus infections, the life cycle of enterovirus begins with recognition and binding to receptors on plasma membrane, followed by receptor-mediated endocytosis which results in virus uncoating and release of viral genome RNA (vRNA) into cytoplasm induced by pH change in endosomal compartment. The vRNA was primarily used as mRNA template to translate and synthesis viral proteins which was required for subsequent genome replication. It is reported that poliovirus utilizes ULK1 complex and CVB3 requires Vps34 complex to initiate autophagy. EV-A71, CVB3 and EV-D68 were beneficial from virus-induced formation of autophagosomes to promote viral genome replication. During late autophagy, autophagosomes fuse with lysosomes to form autolysosomes to degrade cargos engulfed by autophagosomes. However, in CVB3 and EV-D68 infection, viral protease 3C cleaves SNAP29, leading to blockage of auto-lysosome formation and autophagic flux. Poliovirus and CVB3 were capable of recruiting either proLC3 or LC3-I to replication organelles (ROs) (single-membrane or double-membrane) to promote viral replication in an autophagy-independent manner. Besides, CVB3 and EV-D68 manipulate extracellular membrane vesicles (EMVs) to promote non-lytic release of infectious progeny virions. 3-MA is an early-stage autophagy inhibitor that blocked PI3K3C/Vps34, while bafilomycin A1 is a late-stage autophagy inhibitor that inhibit fusion of autophagosome with lysosome.Fig. 1

2. Autophagy {#sec0010}
============

Autophagy can be divided into the following three types: macro-autophagy, micro-autophagy and chaperone-mediated autophagy (CMA) \[[@bib0045]\]. Microautophagy is a process that lysosome directly engulfs cytoplasmic components for degradation, while CMA is highly selective, which can only degrade soluble protein, not organelles, in the cytoplasm. Macroautophagy, on the other hand, refers to the formation of a double membrane structure within a cell, which degrades both organelles and proteins in either selective or non-selective manner. Macroautophagy, referring as autophagy hereafter, can be generally divided into four stages: initiation and nucleation of phagophore, elongation and closure to form autophagosome, fusion of autophagosome with lysosome to form autolysosome, and degradation of engulfing cargos inside autolysosome \[[@bib0050],[@bib0055]\].

3. Initiation and nucleation of phagophore {#sec0015}
==========================================

Phagophore biogenesis is initiated when a serine/threonine kinase ULK1, also known as ATG1 in yeast, forms a complex with autophagy-related protein 13 (ATG13), autophagy-related protein 101 (ATG101), and RB1 Inducible Coiled-Coil 1 (RB1CC1, also known as FIP200) \[[@bib0060]\]. The kinase activity of ULK1 complex is required for the recruitment of phosphatidylinositol 3-kinase (PI3KC3) complex to the site of phagophore nucleation \[[@bib0065]\]. PI3KC3, also known as vacuolar protein sorting 34 (VPS34) that converts phosphatidylinositol (PI) into phosphatidylinositol-3-phosphate (PI3P), forms a complex with other proteins, including general vesicular transport factor p115, Beclin-1, and ATG14 L in PI3KC3 complex I or UV radiation resistance-associated gene protein (UVRAG) in PI3KC3 complex II \[[@bib0070], [@bib0075], [@bib0080]\]. The PI3P produced by the class III PI3K complex I is essential for recruitment of PI3P-binding proteins of the WIPI family and its effectors that are required for expansion and subsequent sealing of the isolation membrane \[[@bib0085],[@bib0090]\]. One of essential upstream regulators of ULK1 is mTOR kinase (The mammalian target of rapamycin), which inhibits the initiation of autophagy in the presence of growth factors and adequate nutrients \[[@bib0095],[@bib0100]\]. Rapamycin binds to 12 kDa FK506-binding protein (FKBP12) to form a complex, which binds to mTOR to inhibit its activity, thereby activating the initiation of autophagy \[[@bib0105], [@bib0110], [@bib0115]\]. Upon nutrient stimulation, mTOR complexes 1 (mTORC1), containing mTOR, raptor, mammalian lethal with SEC13 protein 8 (MLST8), PRAS40 and DEPTOR, directly phosphorylates Ulk1 to inhibit autophagy \[[@bib0120], [@bib0125], [@bib0130]\]. The mTOR pathway has been reported to regulate more than 20 autophagy-related genes, which are assembled into functional complex to initiate autophagy \[[@bib0085],[@bib0135],[@bib0140]\]. Notably, although ULK1 complex is required for nutrient-dependent mTORC1-associated autophagy, it also plays a key role in mTOR-independent autophagy \[[@bib0125],[@bib0145]\].

4. Phagophore elongation and closure {#sec0020}
====================================

The Atg8 family, known as LC3 in mammals, contains at least 6 members: microtubule-associated proteins 1 light chain subfamily (MAP1LC3A, MAP1LC3B, MAP1LC3C) and the γ-aminobutyric acid receptor-associated protein (GABARAP) subfamily (GABARAP, GABARAPL1 and GABARAPL2) \[[@bib0150]\]. The proLC3 proteins are firstly subjected to a post-translation modification at the C-terminus by the cysteine protease autophagy-related protein 4 (ATG4), including ATG4A-D, and the modified cytosolic LC3-I is then conjugated to the lipid phosphatidylethanolamine (PE) on phagophore membranes by a complex ubiquitin-like E3 ligase system \[[@bib0155]\]. Briefly, the E1-like enzyme autophagy-related protein 7 (ATG7) activates the C-terminal glycine residue of LC3-I, transfers it to the E2-like enzyme autophagy-related protein 3 (ATG3), and finally with the help of E3-like enzyme ATG12-ATG5-ATG16L1 complexes, LC3-I fuses with PE to become the lapidated LC3-II, which is tightly attached to phagophore membranes \[[@bib0075]\]. Moreover, LC3 also plays an essential role in cargo recruitment in selective autophagy, via interaction with cargo receptors, e.g. neighbor of BRCA1 gene NBR1, nuclear dot protein 52 (NDP52), optineurin (OPTN), and sequestosome-1 (SQSTM1), which contain LC3-interacting regions (LIRs) \[[@bib0160],[@bib0165]\]. The polyubiquitin-binding protein, SQSTM1, also known as p62, which contains both LC3-interacting region (LIR) and ubiquitin binding domain, recruits the cargo mediated by ubiquitin--p62--LC3 interactions \[[@bib0170],[@bib0175]\]. The continuously recruitment of ATG8s and cargos to phagophore leads to expansion of phagophore, followed by closure, maturation and formation of double-membrane autophagosomes. However, currently, the mechanisms involved in the sealing of the phagophore membrane is still unclear \[[@bib0085],[@bib0090]\]. During the maturation of autophagosome, some autophagy-related proteins (e.g. ULK1 and ATG16L1) that localize on outer membrane of autophagosome, are cleaved and removed from autophagosome \[[@bib0135]\].

5. Autophagosome-lysosome fusion and cargo degradation {#sec0025}
======================================================

Afterwards, autophagosome and lysosome move together to get closer enough for tethering and fusion to become autolysosome. Besides, autophagosome also fuses with late endosome to form amphisome \[[@bib0180]\]. Plenty of tethering factors are involved in this process, which can mainly be divided into 3 categories: the homotypic fusion and protein sorting (HOPS) complex, small GTPases of the Ras-related (Rab) proteins and SNARE proteins \[[@bib0185],[@bib0190]\]. It has been shown that the SNARE protein syntaxin 17 (STX17) is recruited to membrane of mature autophagosomes upon autophagy induction, and STX17 subsequently interacts with HOPS complex (VPS11, VPS16, VPS18, VPS33A, VPS39 and VPS41) \[[@bib0195]\]. The HOPS complex also interacts with Rab7, which localizes on late endosome and lysosome, mediated by Rab7 effectors, PLEKHM1 and RILP \[[@bib0200],[@bib0205]\]. Thus, the HOPS complex is essential for fusion of autophagosome with lysosome. It is reported that STX17 forms a complex with another two SNARE proteins, synaptosomal associated protein 29 (SNAP29) and vesicle-associated membrane protein 8 (VAMP8), to facilitate the fusion between autophagosomes and lysosomes. Digestion of the inner autophagosome membrane by lysosomal enzymes and release of the cargos of the autophagosome to the lumen of the lysosome lead to formation of complete autolysosome \[[@bib0185]\]. Degradation of these components not only provides nutrients to maintain various cellular functions, but also plays an important role in the process of innate immunity \[[@bib0010]\].

6. Methods for monitoring autophagy {#sec0030}
===================================

To monitor autophagy activities within mammalian cells, which is a highly dynamic cellular process, plenty of methods have been adopted in the past twenty years. These techniques have been systematically introduced and summarized \[[@bib0210], [@bib0215], [@bib0220], [@bib0225]\]. The methods mentioned in the articles that we summarized in this review will be selected and introduced below.

Electron microscopy is the most traditional and reliable method for monitoring autophagy. Autophagosome is a double-membrane compartment engulfing undigested cytoplasmic components, while the autolysosome is a single-membrane vesicle which is occasionally difficult to be distinguished from other single-membrane organelles, e.g. endocytic compartments \[[@bib0215]\]. As electronic microscopy requires proficient technique and expertise to identify different organelles, it is not an ideal method study autophagy, especially for those who are new in this field.

As mentioned above, when autophagy occurs, nascent cytoplasmic proLC3 is processed by Atg4 into LC3-I and then conjugated with phosphatidylethanolamine (PE) to become LC3-II by a complex ubiquitin-like E3 ligase system, which bounds to autophagosome \[[@bib0230],[@bib0235]\]. Thus, LC3 is a most widely used marker for autophagic membrane. On SDS-PAGE, it usually shows two bands in LC3 immunoblotting: LC3-II (apparent mobility, 16 kD) migrates faster than LC3-I (apparent mobility, 18 kD) \[[@bib0240]\]. Quantification of LC3-II level or LC3-II/LC3-I ratio by western-blot provides valuable insight on autophagic process. Usually, the upregulated level of LC3-II represents increased autophagic activity. However, either blocking fusion of autophagosome and lysosome or inhibiting the protease activity in lysosome can also lead to accumulation of LC3-II \[[@bib0210],[@bib0245]\]. Therefore, though measurement of LC3-II/LC3-I by western blot is quantitative and relatively convenient, it is usually combined with other techniques to monitor autophagic activities \[[@bib0215],[@bib0250]\].

LC3 is often fused with a fluorescent protein, e.g. GFP and RFP. In GFP-LC3 puncta formation assay which counts the average number of punctate structures per cell by fluorescence microscopy, green punctate structures primarily represent autophagosomes \[[@bib0240],[@bib0255]\]. Since GFP can be easily quenched in acidic pH, membrane-bound LC3 autolysosome is almost absent under fluorescence microscopy. In contrast, RFP is more stable in acidic organelles, thus RFP-LC3 can be detected in both autophagosome and autolysosome. Another useful probe to monitor autophagic flux has been developed based on the difference in nature of GFP and RFP, which fuses tandem fluorescent-tag mRFP-GFP with LC3 to generate tfLC3 construct \[[@bib0260]\]. In tfLC3 expressing cells, autophagosomes can be visualized as yellow puncta as both mRFP and GFP exist, while autolysosome exhibits red only signal due to the stability of mRFP in acidic compartment. Both yellow and red puncta are increased during autophagic flux, whereas the accumulation of yellow puncta only indicates that fusion between autophagosome and autolysosome is blocked, or protease activity is inhibited in autolysosome \[[@bib0260]\].

7. Enterovirus: pathogenesis and life cycle {#sec0035}
===========================================

Enterovirus, belonging to the family *Picornaviridae*, is a genus of small, non-enveloped, single-stranded positive-sense ss(+)RNA viruses, and includes 12 species, from Enterovirus species A to L and Rhinovirus species A to C \[[@bib0265]\]. Among them, Enterovirus A71 (EV-A71), Enterovirus D68 (EV-D68), Coxsackievirus A16 (CVA16), Coxsackievirus A10 (CVA10) and Coxsackievirus A6 (CVA6) are most common causative agents responsible for outbreak of human hand, foot and mouth disease (HFMD), most often affecting children \[[@bib0270],[@bib0275]\]. Though HFMD is self-limiting in most of the cases, the increasing morbidity and neurological sequelae caused by these viruses have been a huge burden of public health in recent years across the world, especially in Asia-Pacific region \[[@bib0280], [@bib0285], [@bib0290], [@bib0295]\]. The clinical manifestation of HFMD patients ranges from mild fever, blisters on the limbs and in the mouth, and gastrointestinal symptoms, e.g. nausea and diarrhea, to severe neurological symptoms which might lead to life-long paralysis \[[@bib0270],[@bib0275]\]. The most well-known enterovirus, poliovirus, was one of the most horrible pathogens that caused poliomyelitis in last century, affecting numerous of children each year, with 1%--2% of the infected patients showing lifelong paralysis sequelae \[[@bib0300]\]. Luckily, since the launch of "Global Polio Eradication Initiative" initiated by World Health Assembly (WHA) in 1988, global incidence of poliomyelitis caused by poliovirus infection has been dramatically reduced to nearly 1%; through broad epidemiological surveillance and highly effective vaccination program, poliomyelitis caused by poliovirus has been reported by only three countries, Afghanistan, Pakistan, and Nigeria, across the world in recent years \[[@bib0305], [@bib0310], [@bib0315]\]. Another important human enterovirus is Coxsackievirus B3 (CVB3), which has been the major causative agent of viral myocarditis associated with heart dysfunction, also commonly affecting children and young adults \[[@bib0320],[@bib0325]\]. CVB3-induced myocarditis can lead to dilated cardiomyopathy (DCM), which is a common cause of heart transplantation as it is the only feasible choice to overcome DCM currently \[[@bib0330],[@bib0335]\].

The life cycle of enterovirus begins with recognition and binding to receptors on plasma membrane, followed by receptor-mediated endocytosis which results in virus uncoating and release of viral genome RNA (vRNA) into cytoplasm induced by pH change in endosomal compartment \[[@bib0340],[@bib0345]\]. Subsequently, vRNA serves as a primary template to translate into a large polyprotein that are cleaved by viral proteases 2A^pro^, 3C^pro^ and 3CD^pro^ into ten proteins, including four capsid proteins (VP1, VP2, VP3 and VP4), two viral proteases (2A, and 3C), a RNA-dependent-RNA-polymerase (3D), two proteins involved in RNA synthesis (2B, and 2C), and a primer of initiation of RNA synthesis (3AB) \[[@bib0340],[@bib0345]\].

Then, RNA genome replication, mediated by the RNA-dependent RNA polymerase 3D^pol^ and other host factors, takes place in virus-induced membranous compartments, called replication organelles (ROs) \[[@bib0350]\]. Like other positive-sense RNA viruses, e.g. Dengue Virus (DENV), West Nile Virus (WNV), Hepatitis C Virus (HCV), Flock House Virus (FHV) and Severe Acute Respiratory Syndrome (SARS)-Coronavirus, enterovirus can subvert host protein network and lipid landscape to rebuild membranous structures as ROs, which provide ideal sites for generating RNA genome and escaping from host defense induced by replication intermediates, double-stranded RNA (dsRNA) \[[@bib0355], [@bib0360], [@bib0365], [@bib0370]\]. It has been shown that the ROs of enterovirus are localized to cis-Golgi membranes, e.g. poliovirus \[[@bib0375]\], trans-Golgi network, e.g. CVB3 \[[@bib0380]\], or endoplasmic reticulum--Golgi interface, e.g. human rhinovirus \[[@bib0385]\], or highly dynamic secretory pathway organelles. Upon enterovirus infection, the secretory pathway is hijacked and remodeled, in which small Ras-family GTPase Arf1 and its guanine nucleotide exchange factor GBF1 are recruited to the replication complex, and phosphatidylinositol-4-kinase IIIβ (PI4KIIIβ) are subsequently lured to the complex, where it produces phosphatidylinositol-4-phosphate (PI4P) lipids \[[@bib0385], [@bib0390], [@bib0395]\]. Together with viral proteins, these host factors rebuild a distinct elaborate membranous microenvironment to support viral RNA genome replication. Autophagosome, which is an important component of the intracellular membranous structures with highly dynamic activity, has been suggested to provide scaffold to recruit replication complex for several positive-stranded RNA viruses. Based on two-dimensional electron microscopy (EM) studies, ROs of enterovirus contains both single-membrane and double-membrane structures \[[@bib0400]\]. It is unclear that whether this double-membrane structures are originated from autophagic structures or not. Currently, whether autophagic compartments directly function as replication organelles or indirectly correlate with viral replication are still debatable, as too limited evidences have been provided to draw a conclusion.

Viral RNA amplification begins with synthesis of a negative-strand copy from viral genome to generate a dsRNA intermediate. The negative-strand RNA then serves as template to generate more positive-strand RNAs, which either serve as mRNA templates for viral protein synthesis and replication or are incorporated into structural capsid proteins for package and further process into mature infectious progeny virions \[[@bib0340]\]. In the end, the newly assembled virions egress through either lytic or non-lytic release of membrane-bound structures or via cell lysis \[[@bib0405],[@bib0410]\].

8. Interplay of autophagy and enterovirus {#sec0040}
=========================================

8.1. Enterovirus 71 (EV-A71) {#sec0045}
----------------------------

Several studies revealed that EV-A71 induced autophagy to offer a favorable micro-environment for its propagation within infected host. Accumulation of GFP-LC3 puncta was observed in EV-A71 infected RD and SKN-SH cells in a time-dependent manner, which is consistent with LC3 immunoblotting result, showing increased lipid-bound LC3-II level in infected cells \[[@bib0415]\]. The autophagosome-like structures were also detected in both SK-N-SH cells and neuron cells isolated from EV-A71 infected mice under transmission electron microscopy \[[@bib0415]\]. Subsequently, EV-A71 structural protein VP1 and nonstructural protein 2C were found to be co-localized with autophagosome marker LC3 and late endosome protein, mannose 6-phosphate receptor (M6PR), and LC3-II conversion was induced in EV-A71 infected SK-N-SH cells and in the brain tissues of in EV-A71 infected suckling mice \[[@bib0420]\]. Treatment of cells with 3-MA, an early-stage inhibitor that blocks PI3K activity, or bafilomycin A1 or saikosaponin D, which are late stage autophagy inhibitors that block autophagosome-lysosome fusion, suppressed viral production, while induction of autophagy by tamoxifen, rapamycin and serum starvation promoted viral yields \[[@bib0415],[@bib0425]\]. Likewise, 3-MA alleviated the clinical symptoms and decreased the viral titer in the brain tissues isolated from the EV-A71 infected mice \[[@bib0420]\]. These data suggest that EV-A71 induces the formation of autophagosomes and benefits form it.

EV-A71-induced autophagic activity was shown to be regulated by inhibiting the expression level of a microRNA, miR-30a, which binds to 3'-UTR of Beclin 1 to inhibit autophagy, resulting in decrease of EV-A71 replication \[[@bib0430]\]. The interplay between EV-A71-induced autophagy and apoptosis was also explored \[[@bib0435]\]. Not surprisingly, inhibition of autophagy and lysosomal protease impaired EV-A71 replication, resulting in decreased apoptotic activity; while blockage of apoptosis led to upregulated autophagic activity with increasing conversion of LC3-I to LC3-II \[[@bib0435]\]. In addition, both autophagy and apoptosis were found to be involved in the release of progeny virus \[[@bib0435]\].

Although all these results indicate that EV-A71 induces the formation of autophagosomes to facilitate its replication, it is unknown whether EV-A71 induces autophagic flux, since no reports have actually shown that the number of autolysosome is increased in EV-A71 infected cells. In addition, the detailed mechanisms of how EV-A71 manipulates autophagic machinery and in which stage does EV-A71 benefit form autophagy remain elusive.

8.2. Coxsackievirus B3 (CVB3) {#sec0050}
-----------------------------

Several research groups reported that CVB3 usurps autophagosome to support its replication both in *vivo* and in *vitro* \[[@bib0440], [@bib0445], [@bib0450], [@bib0455], [@bib0460], [@bib0465]\]. CVB3 infection induced the formation of double-membranous autophagosome-like vesicle in infected Hela and HEK293A cells under electron microscopy \[[@bib0455]\]. Compared to uninfected HEK293A cells, increased GFP-LC3 puncta and LC3-II/LC3-I ratio were detected in CVB3 infected cells \[[@bib0455]\]. Inhibition of autophagy pathway by treatment with 3-MA and knockdown of several essential autophagy-related genes, e.g. ATG7, Beclin-1, or PIK3C3, reduced viral production of CVB3. In contrast, nutrient deprivation (HBSS incubation) or mTOR inhibitor (rapamycin) promoted CVB3 propagation \[[@bib0455],[@bib0465]\]. In the in *vivo* study, autophagy-like vesicles were also observed in the pancreatic acinar cells and heart isolated from CVB3 infected mice \[[@bib0445],[@bib0450]\].

However, SQSTM1 was accumulated in the infected cells and large autophagy-related vesicles were formed in the infected cells, suggesting that the late stages of autophagy, either fusion of autophagosome with lysosome or degradation in autolysosome, is blocked in CVB3 infected cells \[[@bib0450]\]. Likewise, autophagic flux was inhibited in CVB3 infected HEK293 and Hela cells \[[@bib0440],[@bib0445]\]. In CVB3 infected cells, GFP and RFP signals were co-localized and accumulated, suggesting that fusion of autophagosome with lysosome is blocked. The inhibition of autophagic flux was mediated through the modification of soluble N-ethylmaleimide-sensitive factor activating protein receptor (SNARE) proteins. In addition, the level of STX17 (a SNARE of the autophagosome) was decreased following CVB3 infection and overexpression of STX17 rescued the formation of autolysosome, part of lysosomal function, and reduced cell death associated with CVB3 infection \[[@bib0440]\]. Furthermore, SNAP29 and Pleckstrin homology domain-containing family M member 1 (PLEKHM1), two important proteins regulating fusion of autophagosome and lysosome, were cleaved by proteinase 3C (a nonstructural protein of CVB3), thereby leading to dysfunction of autolysosome formation and degradation \[[@bib0445]\]. Knockdown of SNAP29 or PLEKHM1 promoted CVB3 intracellular viral yields \[[@bib0445]\]. Taken together, these data suggest that CVB3-induced disruption of SNAP29 and PLEKHM1 arrests autophagy flux, leading to the increase of LC3-bound membrane structures which may offer sites for viral replication and package.

Most recently, Shi et al. found that SQSTM1 was cleaved by viral protease 2A^pro^ following CVB3 infection in Hela cells \[[@bib0470]\]. The cleaved SQSTM1 was no longer recognized and engulfed into autophagosome, thereby compromising its ubiquitous function. In addition, the truncated SQSTM1 failed to activate the NFKB pathway, indicating that CVB3 exploits this strategy to avoid host defense. Interestingly, Alirezaei et al. reported that CVB3 also utilized LC3 in either autophagy-dependent or -independent manner in infected mice to support viral replication \[[@bib0475]\]. The authors used three recombinant CVB3 viruses encoding either wildtype or mutated autophagy-related genes (proLC3, proLC3^G120A^, and ATG4B^C74A^) to compare the replication efficacy in mice. They found that proLC3 virus induced the accumulation of lipid-bound LC3-II and replicated efficiently in an autophagy-dependent manner. Whereas the proLC3^G120A^ virus with the mutated LC3 at glycine residue failed to attach to PE, instead, it interacted with the ER-resident protein SEL1L and used it as the alternative membranous structures for CVB3 replication. Interestingly, the ATG4B^C74A^ virus, in which mutated ATG4B fails to process proLC3 into LC3-I and leads to accumulation of proLC3 proteins, was also capable of replicating efficiently. Therefore, CVB3 utilizes unprocessed LC3, LC3-I or PE-bound LC3 flexibly to facilitate viral replication, suggesting that CVB3 is capable of exploiting autophagy-related proteins in both autophagy-dependent and -independent manner. Nevertheless, these results indicate that CVB3 is quite versatile, using various strategies to manipulate autophagy-related proteins and host membranous structures to rebuild replication scaffold both *in vivo* and *in vitro*, and to avoid host defense.

Besides manipulating autophagy components to promote viral replication, CVB3 is found to take advantage of autophagic components as original resource of extracellular membrane vesicles (EMVs) to facilitate its dissemination within host cells \[[@bib0405],[@bib0445]\]. Robinson et al. found that extracellular microvesicles (EMVs) isolated from CVB3-infected cells contained infectious CVB3 virions, indicating that CVB3 may be releases from host cell through EMVs in addition to cell lysis \[[@bib0405]\]. Recently, Mohamud et al. also found that LC3 and viral structural protein VP1 were co-existed in EMVs isolated from CVB3-infected cells, indicating that egress of CVB3 progeny virions may be achieved through secretory vesicles originated from autophagic membrane \[[@bib0445]\]. Altogether, these findings indicate that CVB3 exploits autophagy machinery to promote both viral replication and viral release.

8.3. Poliovirus {#sec0055}
---------------

Poliovirus has been reported to benefit from virus induced autophagy according to several research \[[@bib0025],[@bib0480], [@bib0485], [@bib0490], [@bib0495]\]. Double-membrane autophagy-like vesicles can be observed in poliovirus infected COS-1 cells under electron microscopy \[[@bib0480]\]. It is speculated that these replication vesicles are originated from Endoplasmic Reticulum \[[@bib0480]\]. However, Belov et al. found that GM130 (cis-Golgi marker) was fragmented into multiple puncta-like structures upon poliovirus infection, and showed co-localization with viral nonstructural protein 3A, suggesting that the poliovirus ROs membrane are most likely derived from cis-Golgi membranes \[[@bib0375]\]. They also found that single-membrane compartments were evoked at early stage of poliovirus infection, while plenty of double-membrane structures were accumulated at the end of replication cycle \[[@bib0375]\]. The authors proposed that formation of late double-membrane vesicles in infected cells is attributed to engulfment of early single-membrane chambers \[[@bib0375]\]. Similar to EV-A71 and CVB3, poliovirus infection was found to recruit LC3 to viral replication complex, which was also co-localized with LAMP1 (autolysosome/lysosome marker) \[[@bib0025]\]. Likewise, knockdown of autophagy-related proteins (LC3 and ATG12), or treatment with 3-MA decreased poliovirus viral load, while activation of autophagy by tamoxifen or rapamycin promoted viral production \[[@bib0025]\]. Moreover, Taylor and Kirkegaard found that nonstructural viral protein 2BC and 3A directly modified LC3 and recruited it to cellular membrane, suggesting that poliovirus manipulates autophagy in a non-canonical manner \[[@bib0500]\]. Surprisingly, Richards et al. recently found that poliovirus dsRNA does not co-localized with LC3 in poliovirus infected Hela cells, hinting that autophagosome might not be the direct origins of reorganized membrane \[[@bib0505]\].

Corona Velazquez et al. found that depletion of several important conventional members of autophagic complex, such as ULK1, ULK2 and RB1CC1/FIP200, failed to affect poliovirus production \[[@bib0485]\]. Moreover, they found that SQSTM1 was cleaved and digested in a non-canonical manner in poliovirus infected cells \[[@bib0485]\], similar to the aforementioned CVB3 infected cells \[[@bib0470]\]. However, Abernathy et al. recently reported that depletion of autophagy-related protein 9 (ATG9), ULK1, FIP200 and LC3B undermined poliovirus replication, while knockout of VPS34, Beclin-1 and ATG5 did not affect viral production \[[@bib0495]\]. They further demonstrated that poliovirus recruited the non-lipid-bound form of LC3 to the remodeled membranes in GFP-LC3-G120A expressing cells, indicating that the canonical PE-linked LC3, an essential form in autophagosome formation, is not required for poliovirus replication \[[@bib0495]\]. Although the detailed mechanism of how poliovirus utilizes autophagy network reported from different research teams is not be perfectly consistent, these data do suggest that poliovirus manipulates a non-canonical autophagy pathway to facilitate its propagation, and poliovirus-induced reorganized membranes might not be originated from the autophagosomes.

8.4. Other enteroviruses {#sec0060}
------------------------

Foot-and-mouth disease virus (FMDV) has been reported to benefit from induced autophagy \[[@bib0510],[@bib0515]\]. O\'Donnell et al. reported that GFP-LC3 puncta were accumulated and co-localized with non-structural viral proteins 2B, 2C and 3A in FMDV-infected MCF-10A cells. In addition, co-localizations of viral structural protein VP1 with Atg5, and GFP-LC3 with LAMP-1 were detected in FMDV-infected cells \[[@bib0510]\]. As expected, inhibition of autophagy by either 3-MA or small RNA interfering (LC3 or ATG12) suppressed viral production, while activation of autophagy through rapamycin treatment promoted viral yield \[[@bib0510]\]. Subsequently, Berryman et al. found that FMDV induced autophagosome formation in an ATG5-dependent manner in infected CHO cells \[[@bib0515]\]. However, treatment of wortamanin, an inhibitor of PI3K3C/VPS34, did not inhibit GFP-LC3 puncta induced by FMDV infection, suggesting that FMDV induces autophagy in a PI3K-independent manner \[[@bib0510]\]. Unlike other enteroviruses, FMDV seems to induce autophagy at early stage of infection, as both UV-inactivated virus and empty FMDV capsids could induce autophagosome formation \[[@bib0510]\]. Another special phenomenon observed in FMDV infected cells is that viral structural protein VP1 but not nonstructural proteins (3A and RNA-polymerase 3D) co-localizes with LC3, indicating that autophagosome is involved in early stage of viral life cycle before genome replication. Taken together, these findings suggest that FMDV exploits autophagy in a non-canonical manner during cell entry to promote infection, instead of providing membranes for replication.

Enterovirus D68 (EV-D68) also benefits from induced autophagy in host cells, as inhibition of autophagy by depletion of E1-like enzyme ATG7 or treatment with bafilomycin A1 undermined viral yield, while induction of autophagy by starvation promoted EV-D68 propagation \[[@bib0520]\]. Similar to the aforementioned CVB3 infection \[[@bib0445],[@bib0470]\], accumulation of GFP-LC3 puncta and cleavage of SNAP29 and SQSTM1 by EV-D68 3C protease were detected in EV-D68 infected Hela cells \[[@bib0520]\]. The cleaved SNAP29, which reportedly regulated formation of autolysosome, facilitated EV-D68 in early infection but was later cleaved. In addition, SNAP47 whose role is unknown in autophagy pathway, was suggested to play a role in regulating EV-D68 induced autophagy and viral release \[[@bib0520]\]. These findings suggest that EV-D68 benefits from early stage of autophagy and blocks autophagic flux through cleavage of important factors which regulate autolysosome formation, thereby remodeling autophagic trafficking to facilitate viral release.

9. Conclusion {#sec0065}
=============

Following infection of enterovirus, intracellular membranes are rearranged to facilitate the concentrated viral vesicles to locate on secretory organelles, providing a superior environment for RNA genome replication \[[@bib0355], [@bib0360], [@bib0365], [@bib0370],[@bib0385],[@bib0390]\]. In addition, these remodeled membrane compartments help to isolate viral RNAs from cytoplasmic RNases, preventing being degraded and avoiding from detection by cytosolic RNA sensors to mitigate immune responses. However, the origin of the reorganized membranes remains elusive. Though most of the research work we summarized in this review show that enteroviruses, e.g. CVB3 \[[@bib0440], [@bib0445], [@bib0450], [@bib0455], [@bib0460], [@bib0465]\], EV-A71 \[[@bib0415], [@bib0420], [@bib0425]\] and poliovirus, manipulate autophagy network to facilitate viral replication, no direct evidences show that viral RNA replication actually takes place in autophagosome or autolysosome. From our point of view, using dsRNA (replication intermediate) antibody to label replication organelles is more ideal and specific than using viral protein immunostaining. According to the study of Richards et al., poliovirus dsRNA was not co-localized with GFP-LC3, hinting that reorganized replication compartments are not originated from autophagic membrane \[[@bib0505]\]. In early stage of poliovirus infection, only single-membrane compartments that support viral replication were detected, whereas double-membrane vesicles were only seen later in the poliovirus life cycle \[[@bib0375]\]. It is reasonable to speculate that poliovirus might first induce the accumulation of single-membrane vesicles as ROs for genome replication, and some of the accumulated ROs later might then be engulfed to form autophagosomes. It is also possible that the newly assembled viruses are engulfed by autophagosomes later in poliovirus life cycle.

Along this line, it has been reported that depletion of VPS34 complex, which is an important autophagy complex that responsible for generating PI3P in mammalian cells, did not affect poliovirus replication \[[@bib0495]\]. Similarly, it has been shown that wortamanin, an inhibitor of PI3K3C/VPS34, failed to block GFP-LC3 puncta formation in the poliovirus infected cells \[[@bib0510]\]. This again suggest that enterovirus do not directly usurp autophagy compartments as replication sites, as it is known that lipid component of autophgosome/autolysosome is PI3P. Accumulating evidences have actually shown that enterovirus recruits type III phosphatidylinositol 4-kinases (PI4KIIIs) to replication sites, where increased amount of phosphoinositides 4-phosphate (PI4P) is generated; the PI4P is subsequently exchanged for cholesterol at replication organelles \[[@bib0380],[@bib0385],[@bib0525], [@bib0530], [@bib0535], [@bib0540], [@bib0545], [@bib0550]\]. Taken together, these findings hint that enterovirus manipulates autophagy-related proteins to boost viral replication in an autophagy-independent manner.

Conventionally, microbial infection-induced autophagy is supposed to act as immune response, leading to engulfment and clearance of the invading pathogens. However, most of positive-strand RNA viruses, e.g. enteroviruses, are capable of utilizing different components of autophagic network to counter host defense and take advantage of it. Notably, each member of enterovirus may subvert autophagy machinery and benefit from this process via a distinct strategy. More efforts are needed to reveal detailed mechanisms on how enterovirus manipulate autophagy network to achieve efficient propagation. Particularly, it is of great interest to determine whether enterovirus directly uses autophagsome or autolysosome as replication sites, and whether enterovirus blocks the autophagosome-lysosome fusion to avoid lysosomal degradation or for viral release. The deep understanding of the interplay between enterovirus and autophagy will undoubtedly provide new therapeutic targets against enterovirus infection.
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